Introduction
[2] The Antarctic Peninsula region has experienced dramatic changes in climate over the past 50-years, the period of observational record: annual temperatures have increased faster than elsewhere in the Southern Hemisphere and many ice shelves fringing the Peninsula have disintegrated [e.g., Vaughan et al., 2003] . Contemporaneous changes in the regional atmospheric circulation have also been observed: in particular the Southern Annular Mode (SAM) has become more positive during austral summer and autumn [Thompson and Solomon, 2002; Marshall, 2003] . The resultant increasing westerlies are believed to be primarily responsible for enhanced summer warming in the north-east Peninsula and resultant surface melt on the northern sections of the Larsen Ice Shelf [van den Broeke, 2005] , which in turn played a key role in their subsequent collapse [e.g., Scambos et al., 2000] .
[3] Antarctic precipitation is a difficult parameter to measure directly, primarily because of problems with blowing snow. A recent synthesis of available data suggests no significant change in snowfall across the continent as a whole since the 1950s [Monaghan et al., 2006] . However, proxy indicators do suggest an increase in the Peninsula. Turner et al. [2005] reported that the number of days with precipitation -based on synoptic observations of 'present weather' -at Faraday station, in the north-western Peninsula, increased at a rate of 12.4 days dec À1 between 1950-99. In addition, model data reveal an upward trend in regional precipitation for the period 1980 period -2004 period [van den Broeke et al., 2006 while satellite altimeter data indicate an increase in elevation in the western Peninsula for 1992-2003, thought to be due to greater snowfall [Davis et al., 2005; Wingham et al., 2006] . A recent Empirical Orthogonal Function (EOF) analysis of gridded Peninsula accumulation data from model forecasts [Miles et al., 2008] revealed that the predominant trend for the 1979 -2001 period is in the second EOF in autumn: this is highly correlated with the SAM, and the trend has resulted in more (less) accumulation in the central and southern (northeastern) regions of the Peninsula.
[4] The records mentioned previously rarely exceed 50 years in length. However, longer time-scale precipitation data obtained from snow accumulation in ice cores can be employed to set the recent upward trend in a longer temporal framework. In this paper we present a 150-year record of annual net accumulation from a new ice core obtained from the western Antarctic Peninsula. We examine the trends and variability in accumulation at this location and compare it with that at other ice core sites in the region. Peninsula precipitation is predominantly associated with synoptic-scale cyclonic activity [e.g., Turner et al., 1995] so we also relate the accumulation record to the primary modes of regional atmospheric circulation variability.
Data
[5] The new accumulation record is derived from a medium depth ice core drilled at a high accumulation site (Gomez) on the south-western Antarctic Peninsula (73.59°S, 70.36°W, 1400 m a.s.l.). The core was drilled in January 2007 using an electromechanical, 104 mm diameter drill to a depth of 136 m. Although the drill-site is not situated on an ice divide, ground penetrating radar data from a 20 km radius shows very little accumulation variability across the region to the depth of the core: therefore, we assume that the accumulation change is not an artefact of topographic changes. The lengths of ice core were cut to 550 mm and packed in the field into polythene layflat tubing (to avoid contamination) and insulated boxes for transport to the UK. Subsequently, continuous longitudinal samples with a cross section of 34 Â 34 mm were cut and transported to the Desert Research Institute, for trace element analysis. The samples were analysed at very high resolution ($10 mm, average 90 samples per year) using the Continuous Flow Analysis with Trace Elements-Dual (CFA-TED) method adapted from McConnell et al. [2002, 2007] for a broad range of elements and chemical species.
[6] Clear annual cycles in concentration are observed in nearly all the elements and chemical species analysed. The annual accumulation record was derived using two methods: a winter-winter value determined from the minima of hydrogen peroxide (H 2 O 2 ) and a summer-summer value based on maxima in non-sea salt sulphate (nssS). While the annual cycles in H 2 O 2 and nssS concentration are very similar, the timing of the summer maximum in nssS is likely more consistent from year to year. Data from the European Centre for Medium Range Weather Forecasts (ECMWF) 40-year reanalysis (ERA-40) [Uppala et al., 2005] indicate a summer minimum in accumulation in this region: thus, there is less chance of incorrectly assigning accumulation to the wrong year than if winter-winter data were used. Annual thicknesses are converted to water equivalents based on the ice core density and corrected for ice thinning using a simple Nye model that assumes a linear vertical strain rate through the total depth of the core [Nye, 1963] . The temporal length of the core is 152 years, encompassing 1855 -2006 and the estimated uncertainty in the dating is ±1 year from 1855 to 1875 and (1 year from 1875 to 2006.
Results and Discussion
[7] The annual accumulation at Gomez is plotted in Figure 1 (1855 -1924) . Analysis of temporal changes in the standard deviation of annual accumulation reveals that the inter-annual variability jumped markedly at about 1930 and has generally kept increasing since.
[8] In Figure 1 the Gomez record is compared with other ice core accumulation records in the region: James Ross Island, in the north-east of the Antarctic Peninsula (64.2°S, 57°W, 1600 m a.s.l) drilled in 1998 [Aristarain et al., 2004; Miles et al., 2008] ; Dyer Plateau, on the spine of the Peninsula (77.80°S, 64.52°W, 2002 m a.s.l.) obtained in 1988 [Thompson et al., 1994] ; and ITASE01_5, drilled in West Antarctica, south-west of the base of the Peninsula (77.06°S, 89.13°W, 1246 m a.s.l) in 2001 [Miles et al., 2008] .
[9] The doubling of accumulation in the last 150 years appears to be unique to the Gomez site. However, there is also a similar general increase, albeit at a much smaller rate, in accumulation at Dyer Plateau. Using de-trended data there is no correlation between annual accumulation at the two locations, located some 400 km apart, but at decadal timescales r = 0.34 (p < 0.01). Thus it seems likely that accumulation at Dyer Plateau has continued to increase in the period following the drilling there. The James Ross Island record also demonstrates an overall accumulation increase during the period 1850 -1999 but exhibits marked decadal variation not observed in the other records. At the ITASE01_05 site accumulation has apparently decreased over the last 150 years. However, it is worth noting that the surface topography surrounding the site may have impacted this accumulation record [Kaspari et al., 2004] . Thus it seems that there has been a steady increase in accumulation in the central-southern ice core sites relative to sites both to the north and south-west, as also indicated by the analysis of Miles et al. [2008] . High resolution regional climate model data indicate that during 1980 -1993 the very strong increase in annual accumulation observed in the ice core is limited to the Gomez region itself and the Peninsula immediately south of it (N. van Lipzig, personal communication, 2007) .
[10] To help understand the changes in climate responsible for the increase in accumulation at Gomez we correlated the annual summer-summer accumulation for 1958 -2006 with 500 hPa geopotential height data obtained from ERA-40 for 1958 ERA-40 for -2001 supplemented by ECMWF operational model data to 2006 (Figure 2) . The 500 hPa level was chosen for analysis as it is the lowest standard level above the Antarctic continent and thus will not be affected by spurious trends caused by changes in Antarctic orography between ERA-40 and the ECMWF operational model. The monthly 500 hPa data were weighted according to the annual cycle of precipitation at the Gomez site, as determined from the most recent ECMWF data. Note that all statistics are computed from de-trended data. The ERA-40 model is known to be more reliable at high southern latitudes after 1979, when satellite sounder data were assimilated regularly [Marshall, 2003; Bromwich and Fogt, 2004] : however, a near facsimile of the spatial pattern of correlations shown in Figure 2 statistical significance are similar -and therefore we can be confident that the pattern is temporally stable for at least the past 50 years. Given that the correlations in Figure 2 have a maximum magnitude of $0.6 -explaining approximately one third of the total variance in annual accumulation at the Gomez site -it seems likely that we can attribute much of the inter-annual variability seen in Figure 1 to natural internal regional climate variability.
[11] Nevertheless, there are two principal spatial patterns in Figure 2 that can be related to known modes of atmospheric circulation variability. The first comprises the strong negative correlations over the Antarctic continent (minimum < À0.56), particularly East Antarctica, together with the ring of positive correlations to the north, with the exception of the south-east Pacific. This spatial pattern is very reminiscent of the pressure anomalies associated with a positive phase of the SAM. Using an observation-based annual SAM index available from 1957 onwards [Marshall, 2003] , the correlation between it and the Gomez accumulation record is 0.41 (significant at <1% level). The regression coefficient reveals that an increase of one in the SAM index is associated with an accumulation increase of 0.05 m weq y
À1
. Using this value and computed linear trends in the SAM and Gomez accumulation, we estimate that 28% of the 0.46 m weq y À1 increase in the latter during 1957 -2006 is due to the contemporaneous positive trend in the annual SAM.
[12] Moreover, using decadal running means the correlation coefficient increases to 0.66, indicating that SAM variability is a primary factor driving Gomez accumulation at decadal timescales, consistent with model results that indicate a positive precipitation coupling to SAM in this region van Lipzig, 2004] Marshall et al. [2006] showed that temperatures in the north-east Peninsula are more strongly dependent on the SAM than those on the western side. Thus, the much stronger relationship between Gomez accumulation and temperatures at Esperanza in the north-east (see Figure 1) , 1300 km from Gomez (r = 0.76, p < 0. 01, period = 1951-2006) compared to that at Rothera in the central west Peninsula, 700 km from the core site (r = 0.42, p < 0. 05, period = 1978 -2006) is also indicative of a strong SAM signal contained within the annual accumulation variability at Gomez.
[13] The second primary spatial pattern seen in Figure 2 is a wave-train of four alternate regions of positive and negative correlation across the South Pacific and into the South Atlantic, each of which is statistically significant at <5% level. The couplet of low and high pressure anomalies centred at 60°S, 115°W and 54°S, 45°W, respectively, will result in strong northerlies that will advect warm maritime air from the South Pacific towards the Gomez region, where the steep coastal topography will cool it as it is forced to rise and lead to orographic precipitation. The wave-train in Figure 2 is similar to the Pacific-South American (PSA) teleconnection pattern through which the El Niño-Southern Oscillation (ENSO) signal propagates into high southern latitudes [e.g., Mo and Higgins, 1998 ]. Indeed, accumulation variability in parts of West Antarctica is known to be influenced significantly by ENSO [e.g., Cullather et al., 1996; Genthon et al., 2005] .
[14] We investigated the relationship between Gomez accumulation and ENSO variability by utilising the Southern Oscillation Index (SOI), a commonly employed measure of the strength and phase of ENSO. Monthly SOI data from 1866-2005 were acquired from the Climatic Research Unit, University of East Anglia [Ropelewski and Jones, 1987] and annual values created as the mean of 12 monthly values. The pattern of the correlation in Figure 2 is such that it resembles the height anomalies associated with the La Niña phase of ENSO [cf. Turner, 2004, Figure 3b] , and therefore we would expect a positive relationship between Gomez accumulation and the SOI. However, there is no significant relationship over the entire 1866 -2005 period (r = 0.08) or for the recent period on which Figure 2 is based (r = 0.10). Investigation of temporal changes in the relationship between Gomez accumulation and the SOI using correlations based on running 21-year periods reveals that there are four short periods when it is statistically significant at <10% level. Nonetheless, there are periods when the relationship is reversed, particularly in the 1970s. An equivalent plot (not shown) to Figure 2 for the 21-year period when the correlation is most negative (1963 -83) reveals that the wave-train has disappeared, with only one of the four centres seen in Figure 2 still existent. Thus, there is no consistent ENSO signal in the Gomez accumulation -as also shown for accumulation in West Antarctica [Frey et al., 2006] -highlighting the need for caution in interpreting circulation patterns from short data sets. Negative contours (0.1 interval) are dashed. Regions where correlations are significant at <5% level and <1% level are shaded light and dark grey, respectively. Both datasets were de-trended before calculating the correlation coefficient and autocorrelation was accounted for when computing the significance.
[15] The marked temporal variability in the Gomez accumulation-ENSO relationship can be related to the findings of Lachlan-Cope and Connolley [2006] ; they used GCM experiments to demonstrate that natural variability in the region encompassed by the PSA wave-train can cause the high-latitude response to tropical changes with apparently similar forcings to vary markedly. Finally, we note that the change from a negative to positive relationship between Gomez accumulation and the SOI is centred on $1985, slightly earlier than when the sign of the relationship between ENSO and accumulation in Marie Byrd Land, West Antarctica abruptly reversed in 1990 [Cullather et al., 1996] . Fogt and Bromwich [2006] suggested that this shift was due to a change from an out-of-phase relationship between ENSO and the SAM during the austral spring in the 1980s to an in-phase relationship in the 1990s.
Conclusions
[16] The new ice core record from the Gomez site has revealed a doubling of accumulation on the southwestern Antarctic Peninsula since the 1850s. Inter-annual variability in accumulation has also increased markedly. Comparison with published regional accumulation records reveal that this rapid increase is the largest recorded, and that the central and southern Peninsula has experienced a greater accumulation rise than areas to the north and south-west.
[17] A strong, temporally stable relationship between Gomez accumulation and the SAM is shown to exist. Recent trends in the SAM are estimated to be responsible for more than a quarter of the $0.5 m weq y À1 accumulation increase at Gomez over the past 50 years. SAM variability is revealed as the principal factor governing decadal variability of accumulation at the ice core site. The association between Gomez accumulation and ENSO is more complex: although there are short periods when a statistically significant relationship exists, overall the correlation varies considerably in magnitude and even sign. Such changes have also been observed in West Antarctica [Cullather et al., 1996; Frey et al., 2006] and this study further emphasises the need for caution when attempting to use Antarctic accumulation from the South Pacific sector as a simple proxy for ENSO variability.
[18] These initial studies reveal that the Gomez site is sensitive to hemispheric-scale circulation patterns. Future work will include a comparison of Gomez accumulation against statistical reconstructions of the SAM that are of similar temporal length to the ice core [e.g., Jones and Widmann, 2003 ] Furthermore, it is expected that investigation into additional parameters and analysis of intra-annual variability will reveal additional useful proxies in the new Gomez ice core.
